In this Letter, we demonstrate that a small but finite ferroelectric polarization in orthorhombic LuFeO3 is primarily of electronic origin (oriented along a-axis) driven by commensurate (k = 0) and collinear magnetic structure. The nonpolar orthorhombic lattice (space group P nma) undergoes isostructural transition at the magnetic transition temperature TN (∼600 K). Application of electric field, however, induces finite piezostriction via electrostriction resulting in clear domain contrast images in piezoresponse force microscopy.
In this Letter, we demonstrate that a small but finite ferroelectric polarization in orthorhombic LuFeO3 is primarily of electronic origin (oriented along a-axis) driven by commensurate (k = 0) and collinear magnetic structure. The nonpolar orthorhombic lattice (space group P nma) undergoes isostructural transition at the magnetic transition temperature TN (∼600 K). Application of electric field, however, induces finite piezostriction via electrostriction resulting in clear domain contrast images in piezoresponse force microscopy. During the last few years, work on ferroelectricity in rare-earth orthoferrites RFeO 3 (R = Sm, Dy, Tb, Y, Lu) poses quite a few puzzles. In SmFeO 3 , YFeO 3 , and LuFeO 3 [1] [2] [3] , the ferroelectric order is reported to set in right at the antiferromagnetic transition temperature T N (∼600 K). On the other hand, in DyFeO 3 [4] , the ferroelectric transition takes place at a much lower temperature (T Dy N ∼4 K) only when application of magnetic field H c induces a ferromagnetic component to the Fe sublattice. While observation of ferroelectricity in DyFeO 3 still remains unchallenged, the ferroelectricity in SmFeO 3 below T N has been disputed from direct electrical measurement of polarization and capacitance-voltage characteristics [5] as well as from crystallography [6] . It has been pointed out that the rare-earth orthoferrites, in general, are paraelectric down to T = 0 and could only exhibit ferroelectricity in thin film form upon introduction of appropriate lattice strain [7] . If ferroelectricity at all emerges at T N in the bulk form of the sample, it should be due to the inversion-symmetry-breaking magnetic structure. The structure could either be noncollinear arising from antisymmetric Dzyloshinskii-Moriya or p-d exchange or collinear arising from exchange striction [8] . The collinear magnetic structure in SmFeO 3 seems to yield nonpolar P bnm although possibility of polar m2m point group was also hinted [9] . The controversy surrounding the emergence of ferroelectricity in orthorhombic SmFeO 3 , therefore, calls for a thorough examination of the issue in other such rare-earth orthoferrites. Observation of finite ferroelectricity at T N in this class of compounds has got another important implication. If ferroelectricity is indeed observed in them at T N , they can form a new class of room temperature Type-II multiferroics.
FIG. 1: (color online)
The variation of the remanent polarization (diamond) with temperature measured in orthorhombic LuFeO3; the P el (circle) calculated from x-ray diffraction are also shown; inset shows the remanent hysteresis loops measured at different temperatures.
In this Letter, we report our findings on presence of ferroelectricity in orthorhombic LuFeO 3 below T N . We have used synchrotron x-ray as well as high resolution powder neutron diffraction experiments to determine the electronic, crystallographic, and magnetic structures along with Raman spectrometry across the ferroelectric transition while piezoresponse was investigated using piezoresponse force microscopy. Combining all these results we show that ferroelectric polarization, though tiny (∼0.01 
µC/cm
2 ), does emerge at the magnetic transition in orthorhombic LuFeO 3 and, in fact, is purely electronic. It originates from enhanced covalency and asymmetric charge density distribution across the Lu-O and Fe-O bonds at the onset of magnetic order.
Experiments have been carried out on phase pure high quality bulk polycrystalline samples. The details of the sample preparation have been given elsewhere [3] . The synchrotron x-ray data were obtained from MCX beamline of Elettra, Trieste (λ = 0.61992Å) and the neutron experiments were carried out at the FRM-II diffractometer of Technische Universitat Munchen, Munchen (λ = 2.315Å), and also at the PD-3 diffractometer of NFNBR, Bhabha Atomic Research Centre, Mumbai (λ = 1.48Å).
The synchrotron x-ray data have been refined by JANA 2006 and the structure factors were used to construct the charge density distribution map within a unit cell by employing Maximum Entropy Method (MEM). The neutron data have been refined by FullProf for determining the magnetic and crystallographic lattices. The remanent ferroelectric hysteresis loops were measured by PC Loop Tracer of Radiant Inc., and the piezoresponse force microscopy (PFM) were carried out by Asylum. In addition, Raman spectra have been recorded across 300-700 K in order to find out whether any phonon mode softening takes place or not around the ferroelectric transition. Figure 1 shows the typical remanent hysteresis loops of the sample measured at different temperatures and also the variation of the remanent polarization with temperature. The electronic ferroelectric polarization P el (discussed later), estimated from the x-ray diffraction data, are also shown. The measurement of remanent hysteresis loops employs a specially designed protocol which eliminates the contribution from non-remanent and nonhysteretic polarization components [10] . The salient features of the measurement protocol including the voltage pulse train sent out for measuring the remanent polarization are given in the supplementary document [11] . The observation of small yet finite remanent ferroelectric polarization (∼0.01 µC/cm 2 ) as well as saturation in the hysteresis loop ensures emergence of ferroelectricity at T N . The temperature dependence of remanent polarization suggests a sharp drop in the polarization in the vicinity of T N (∼600 K) which is indicative of coupling between magnetic and electrical ordering and perhaps a structural transition at this temperature which we further explore using temperature dependent x-ray and Raman studies. We conducted piezoresponse force microscopy (PFM) to explore the ferroelectric switching in the samples. Figure 2 shows the amplitude and phase contrast PFM images recorded under +100V and -100V dc bias. Two types of sub-micron-sized domains with dark purple and white colors could be seen in the phase contrast image captured under -100V. These are antiparallel domains, also called 180 o domains, where polarization vector is oriented in phase with the applied voltage for purple and out of phase for white. The orientation changes upon switching the electric field. In principle, orthorhombic structure can also exhibit 60 o , 90 o , and 120 o domains [12] and presence of multiple colors indeed points toward existence of these domains, albeit, in small proportions. The 180 o domains, of course, are the dominant ones. The complete switching spectroscopy PFM was also carried out and the strain and phase switching angle versus field loops are shown. The butterfly shape of the strain versus electric field loop is indicative of the presence of piezoelectric activity in the sample. The distortion of the strain-field loop possibly originates from difference in electrode-sample interface charge structure between top and bottom electrodes. However, these results clearly point out the presence of reasonably strong piezostriction and ferroelectric domains. Using the synchrotron x-ray and neutron data, we now examine the contribution of lattice and electronic structure to the overall polarization. The Rietveld refinement shows (reliability factors and goodness of fit vary within 1.0%-2.5% [11] ) that the crystallographic structure of the sample remains nonpolar orthorhombic P nma throughout the entire temperature range and, if at all there is a structural transition it is of isostructural type. The isostructural transition has implications for phonon dy- namics. The phonon symmetry does not change across the transition. Although the physics behind isostructural transition is not quite well understood, there are suggestions that this could be due interaction of electrons with lattice vibrations [13] . Both the x-ray and neutron data offer clear evidence of prevalence of nonpolar structure even below T N . This observation, therefore, rules out structural noncentrosymmetry as the origin of ferroelectricity in LuFeO 3 . Of course, it is possible that extremely small noncentrosymmetry (of the order ∼0.16 mÅ mentioned in Ref. 9 ), if present, remains undetected in these measurements. In Fig. 3 , we show the variation of lattice parameters, volume, ion positions etc, determined from the refinement of x-ray data, as a function of temperature across 400-727 K. Clear anomaly could be observed in almost all the parameters around T N signifying presence of strong spin-lattice coupling. The nature of the anomaly is similar in all the three lattice parameters and hence the volume; they exhibit anomalous contraction around T N . The comparison of crystallographic parameters determined from x-ray and neutron diffraction [11] shows that though there exists some difference between the numerical values of the parameters the overall trend is quite consistent. It is important to point out here that because of poorer scatteing of x-ray by the lighter ions such as oxygen, it is difficult to determine the position of oxygen ions accurately from x-ray diffraction data. On the other hand, for commensurate magnetic structure with k = 0, determination of ion positions from neutron diffraction poses problem as both the magnetic and nuclear peaks appear at the same point in reciprocal lattice space. In this case, it is necessary to collect the neutron data at a spallation source across much larger Q range in order to eliminate the influence of magnetic peaks. The consistency in the structural parameters determined from both x-ray and neutron data reflects the accuracy of the results obtained for the present case. The commensurate k = 0 magnetic lattice determined from the neutron diffraction experiments is found to be collinear (Fig. 4) , consistent with observations made in orthorhombic SmFeO 3 [5, 6] . It is found, however, that the magnetic lattice for LuFeO 3 across 400-700 K could be described by the single irrep Γ 2 [11] ; corresponding spin configuration is F x C y G z (Fig.  4) . This is consistent with nonpolar structure. Below ∼400 K, spin-reorientation transition could be observed. We, of course, concentrate here on the data across 400-700 K as we are concerned about ferroelectricity right below T N . We further investigate the role of lattice by carrying out Raman spectrometry across 300-700 K within the Raman shift range 90 to 1000 cm −1 [11] . The A g and B 1g modes [14] could be seen and their frequency shift and linewidth are shown in Fig. 5 as a function of temperature. Distinct anomaly in both frequency shift and linewidth could be observed at T N . However, unlike the phonon softening observed in systems with displacive ferroelectricity arising out of even orthorhombic P nma to orthorhombic P 2 1 ma phase transition [15] , the phonon modes here exhibit a pattern expected in isosymmetric phase transition where the phonon modes are symmetric both at above and below the transition [16] and the frequency changes only slightly (Cochran's exponent < 0.1).
We finally determine the electron charge density distribution over the unit cell. Application of MEM/Rietveld refinement to the high energy synchrotron x-ray diffraction data yields the charge density distribution. The accuracy of MEM in determining the charge density distribution and thus covalency of the bonds has already been established for different compounds including compounds containing combination of heavy elements such as Pb together with light elements such as O [17] . The MEM has also been used to observe the Mn3d x 2 −y 2 orbital order [18] . In the present case, MEM analysis has been carried out by dividing the unit cell into 48×72×48 pixels for all the temperatures. The details of the refinement and fit statistics are given in the supplementary document [11] . In Fig. 6 , we show the two-dimensional maps of charge density distribution in (100), (010), (301), and (101) planes at 399 (i.e., below T N ) and 727 K (i.e., above T N ) in order to show the charge density across Fe-O1, Fe-O2, Lu-O1, and Lu-O2 bonds, respectively. The background charge density is ∼0.2eÅ and O ions turn out to be +3.93, +3.96, -3.53 (for four O1 ions), and -2.20 (for eight O2 ions) repectively at 727 K. At 399 K, the corresponding figures for Lu and Fe ions are +3.80 and +3.50, respectively; O1 ions appear to be of -3.20 charge state while O2 are of -2.0. Clearly, charge disproportionation by nearly 20%-40% has taken place among Lu, Fe, and O ions as a result of magnetic transition. Similar extent of charge disproportionation has earlier been observed [19] in Fe 3 O 4 below its charge order (Verwey) transition (T CO ∼120 K). In order to calculate the ferroelectric polarization below T N , if any, as a result of off-centric charge density distribution, we first find out the center of charge density distribution contour (c) for each ion [11] . Using this result for all the cations and anions of the unit cell, the net off-centred shift (∆c) in the charge density distribution contours or charge cloud has been determined. Remarkably, ∆c turns out to be finite, though small (≈0.003-0.004Å), below the T N and using the relation P el = n.e.∆c/V where e = charge on an electron and V = volume of unit cell, we determine the ferroelectric polarization resulting from off-centred charge density distribution within a unit cell (P el ). Interestingly, as against the observation made earlier [1] , the P el turns out to be oriented along a-axis. We plot the values of P el as a function of temperature in Fig. 1 . The order of the magnitude of P el appears to be comparable to what has been found from direct measurement (of the order of ∼0.01 µC/cm 2 at 300 K). Therefore, the tiny ferroelectric polarization measured in orthorhombic LuFeO 3 is of purely electronic origin. In spite of lattice centrosymmetry, consistent with Γ 2 irrep, redistribution of charges below T N yields a finite global ferroelectric polarization. In LaMn 3 Cr 4 O 12 too, finite electronic ferroelectricity was claimed to result from collinear spin ordering [20] within a cubic lattice.
Interestingly, this purely electronic ferroelectric compound yields finite piezostriction. Application of electric field induces detectable piezostriction (Fig. 2) as a result of reasonably large dielectric constant [3] and electrostrictive coefficient [21] . The ferroelectric domains observed in PFM actually represent those for the lattice. How they are related to the electronic ferroelectric domains, if present, remains to be determined. Observation of lattice noncentrosymmetry only under an electric field in presence of electronic ferroelectricity has earlier been noted in a charge-transfer complex tetrathiafulvalene-chloranil [22] . It will be interesting to search for similar result in other purely electronic ferroelectric systems.
In summary, we show by using synchrotron x-ray, neutron, piezoresponse force, and remanent hysteresis data that small but finite ferroelectricity is indeed present even in the bulk sample of orthorhombic LuFeO 3 . It is actually of electronic origin and results from enhanced covalency induced by the magnetic transition at T N . The polarization is oriented along crystallographic a-axis. Under an electric field, tiny yet detectable piezostriction could also be noticed.
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